Abstract: A series of homologous gemini surfactants possessing identical hydrophobic chains but different ionic head groups (cationic, anionic, zwitterionic) were synthesized, and their aqueous solution properties were examined. The results showed that the surface activities of gemini surfactants are superior to those of corresponding conventional monomeric surfactants, and molecular arrangements of gemini surfactants at the air-water interface are tighter than those of corresponding conventional surfactants. It was also found that zwitterionic gemini surfactant possesses the highest surface activity among the three surfactants. The behavior at the air-water interface is closely related to the molecular structural features of surfactants, which provide an indication for synthesizing highly-efficient surfactants.
Introduction
Gemini surfactants are surfactants consisting of two hydrophilic and two hydrophobic moieties linked by a spacer at level of or closed to the head [1] comparing with corresponding single-chain surfactants. According to the nature of hydrophilic head groups, gemini surfactants are generally classified into four types including cationic, anionic, nonionic and zwitterionic gemini surfactants. The mostly investigated class of gemini surfactants are the homologous series of bis (quartenaryalkylammonium bromide) surfactants given by the general formula: C m H 2m+1 (CH 3 ) 2 N ⊕ Br 2 (CH 2 ) s , abbreviated as m-s-m where m is the number of carbon atoms in the hydrophobic tails and s is the number of carbon atoms in the spacer.
Geminis are generally more efficient in the lowering of surface tension and have much lower critical micelle concentration, CMC, and better wetting properties. They possess special rheological and unusual aggregation properties, etc [2] [3] [4] [5] [6] [7] [8] [9] . So they were widely used as effective emulsifiers, bactericidal agents, dispersants, anti-foaming agents, detergents, etc. Recently these compounds were also applicable in the solubilization of dyes and pigments in the textile industry [10] , gene therapy [11] , the synthesis of highly mesoporous materials [12] , etc. Nowadays, they are one of the most interesting objects of surface science.
In recent years, symmetric cationic gemini surfactants are studied mainly including Menger [13] and Zana teams [2] [3] [4] [5] 14] . The gemini properties on synthesis, adsorption, and behavior in solution and so on were depicted in detail [15] . So the research on symmetric gemini surfactant was relatively thorough.
Symmetric anionic gemini surfactants with different head groups have been relatively less reported [16] [17] [18] [19] [20] . Furthermore, to the best of our knowledge, the research on gemini surfactants with phosphate head groups is performed mainly by Engberts [18] and Bhattacharya teams [20] . They mainly examine the effect the spacer numbers on aggregation behavior.
However, new classes of gemini surfactants have emerged and have attractive attention: dissymmetric gemini surfactants with hydrocarbon chains of different length and with two identical head groups [21] [22] [23] [24] [25] [26] [27] [28] and asymmetric ones with two identical hydrocarbon chains and two different hydrophilic head groups [29] [30] [31] [32] [33] [34] . The research on asymmetric gemini surfactant was less documented. To our knowledge, Holmberg team [30] [31] [32] [33] [34] [35] pioneered research on the properties of asymmetric gemini surfactant in solutions. They mainly studied the surface properties and adsorption characters of zwitterionic gemini surfactant at the air-water and solid-water interfaces. Geminis used in the experiments were composed of different hydrophilic head groups and different carbon numbers in two alkyl chains.
In this paper we present the synthesis of phosphate anionic surfactant, C 12 H 25 OPO 3 Na 2 , abbreviated as C12(-), symmetric cationic gemini surfactant,
− , abbreviated as 12-2-12, symmetric anionic gemini surfactant, (C 12 H 25 OPO 3 Na) 2 (CH 2 ) 2 , abbreviated as C12(-)-C12(-) and zwitterionic gemini surfactant, one being negatively charged (a phosphodiester anion) and one positively charged (a quaternary ammonium salt), (
, abbreviated as C12(+)-C12(-). Compared with that of corresponding conventional surfactant, DTAB (dodecyltrimethylammonium bromide) and C12(-), the surface properties of C12(+)-C12(-), C12(-)-C12(-) and 12-2-12 in aqueous solutions were investigated in order to examine the influence of special structures of molecular to the properties of surfactants.
Experimental

Materials
Ethylene glycol (AR, Chengdu Kelong Chemical Reagent Factory), 1-dodecanol (AR, China Medicine Group), N, N-dimethyldodecylamine (AR, Tianjin Chemical Group), 1-Bromododecane (CP, Sinopharm Chemical Reagent Co., Ltd) phosphoryl chloride (CP, Tianjin Rinjinte Chemical Reagent Co., Ltd) and N, N, N, N-tetramethylethylenediamine (BR, Sinopharm Chemical Reagent Co., Ltd) were used without further purification. DTAB was bought from Chengdu Kelong Chemical Reagent Factory and recrystallized three times in acetone. Water used in the experiment was doubly distilled.
Synthesis and characterization
Symmetric cationic gemini surfactant, 12-2-12, was prepared in one step following the route proposed by Rana [2] but with small modification in this work (Scheme 1). The compound was prepared by quaternarization of N, N, N, N-tetramethylethylenediamine (20 mmol, 2.4 g) with 1-bromododecane (42 mmol, 10.5 g) in dry CH 3 CHOHCH 3 refluxing and continuously stirring for 48 h. After evaporating the solvent, the residue was recrystallized in the mixture of acetone and ethanol three times, and white product was obtained. The compound was dried in vacuum oven at 40
• C for two days until constant weight was attained. The weight of compound was 9.8 g and the yield was about 80%. Conventional anionic surfactant, C12(-), was synthesized as shown in Scheme 2. POCl 3 was taken in a 100 ml three-necked round bottom flask which was cooled to 0
• C, and then a solution of dodecanol in dry benzene was added slowly dropwise over Symmetric anionic gemini surfactant, C12(-)-C12(-), was prepared following the route proposed by Bhattacharya [20] but with small modification in this work (Scheme 3). POCl 3 was taken in a dry 100 ml three-necked round bottom flask which was cooled to 0
• C. A solution of ethylene glycol in dry benzene was added slowly dropwise over a period of 30 min. This solution was stirred for 1 h at room temperature. Then dodecanol solution in anhydrous benzene was added slowly into flask. Then the obtained solution was cooled to 40
• C and stirred for 10 h. HCl was removed by evaporation and the residue was stirred with excessive water. Theses solutions were then extracted with CHCl 3 several times. The organic layer was separated out and concentrated. The white solid yielded. A solution of NaOH in anhydrous ethanol was added to a solution of a white solid in ethanol. The latter solution immediately turned clear. After removal of solvent a gummy mass was obtained. It was recrystallized from a mixture of hexane and CH 3 CH 2 OH as a white solid. The compound was dried in vacuum oven at 40
• C for two days until constant weight was attained. 
Scheme 3 The route for preparing C12(-)-C12(-).
Zwitterionic gemini surfactant, C12(+)-C12(-), was prepared according to the Menger and his colleagues [29] but modified in this work (Scheme 4). 
Scheme 4 The route for preparing C12(+)-C12(-).
Cyclic ethylene chlorophosphate was prepared by reaction of ethylene glycol with phosphoryl chloride in benzene about 5 min. Then dodecanol was reacted with cyclic ethylene chlorophosphate to yield intermediate. After evaporating the solvent, the crude intermediate was subsequently ring-opened by a dodecyldimethylamine to form the desire gemini surfactant C12(+)-C12(-) in CH 3 CHOHCH 3 . After evaporating the solvent, the residue was recrystallized in the mixture of acetone and ethyl acetate three times, and white product was obtained. The compound was dried in vacuum oven at 40
• C for two days until constant weight was attained. NMR spectra were recorded in CD 3 Cl at 300 MHz (Bruker Advance 300) at room temperature. C, H, N and P elements in the gemini surfactants were analyzed with CARLO elemental analyzer (ERBAO1106, Italy) for further confirmation of the composition of the target compounds.
Methods
Surface tension (γ) was measured with an automatic surface tensiometer using method of platinic board (BZY-1, Shanghai Hengping Instrument Factory, Shanghai). The samples were dissolved in doubly distilled water to confect a certainly concentrated solution. In the course of experiments the solutions were diluted continuously and the temperatures were maintained at 25.0 ± 0.1
• C by a circulating bath.
The measurement of electrical conductivity (κ) is a general method to determine the values of the critical micelle solution, CMC, and the micelle ionization degree, α, of surfactant solutions. The electrical conductivity of the surfactant solutions is measured as a function of concentration, using conductivity instrument (DDS-11A, Chengdu Fangzhou Factory). The samples were prepared with the same manner as described above. The solutions were diluted successively and during conductivity run the temperatures were maintained at 25.0 ± 0.1
• C by a temperature-controlled, double-walled glass container with a circulation of water.
Results and discussion
Synthesis and Characterization
Symmetric gemini surfactant, 12-2-12, was prepared in one step following the procedure proposed by Zana et al [2] . But the less yield got though many trials when using ethanol or ethylacetate as action solvent. In addition, a large amount of byproduct was detected in the final product. So it is problematic to isolate these impurities from the target compound. Obviously, the quaternarization of diamine with alkyl bromide is an SN 2 reaction in which the forming of reaction intergradation is critical to the thorough reaction speed, so the polarity and solubility of solvent to compound play key roles in the reaction.
To solve this problem CH 3 CHOHCH 3 was employed as reaction solvent instead of ethanol or ethyl acetate. After 48 hours of reaction, the solvent was evaporated and the residues were recrystallized in the mixture of acetone and ethanol to give white compound. By this way, much higher yield (80%) has been attained. Conventional anionic surfactant, C12(-), was prepared in three steps using POCl 3 and C 12 H 25 OH as initial materials. The preparation for phosphoester is critical. In the first step, the reaction is violent and quantitative. So a C 12 H 25 OH solution was added to a POCl 3 solution and it is necessary that keep the reaction temperature low. In the second step, water is excessive in order to ensure that reactants were hydrolyzed completely. After a period of time HCl has to be removed. At last phosphoric acid was neutralised using NaOH in anhydrous ethanol. The crude phosphate was recrystallized from a mixture of CH 3 COOCH 2 CH 3 and CH 3 CH 2 OH as a white solid. This is an excellent procedure for the synthesis of the phosphate.
Symmetric anionic gemini surfactant, C12(-)-C12(-), was prepared following the route proposed by Bhattacharya [20] but with small modification in this work. Dropping off dodecanol the temperature can be allowed to come to 40
• C to accelerate reaction velocity.
HCl was removed by evaporation. Moreover, an ethylene glycol solution has to be added to a POCl 3 solution avoiding byproduct of cyclic ethylene chlorophosphate. Zwitterionic gemini surfactant, C12(+)-C12(-), was prepared according to the procedure proposed by Menger and coworkers [29] .The modified procedure was following. Cyclic ethylene chlorophosphate was prepared in benzene instead of the mixture of THF and Et 2 O described in the literature [29] . When dodecyl alcohol was reacted with cyclic ethylene chlorophosphate, white solid was yielded. The last step of reaction was carried in CH 3 CHOHCH 3 instead of CH 3 CN. The quaternarization of amine with intermediate is an SN 2 reaction in which the forming of reaction intergradation is critical to the thorough reaction speed. So the polarity and solubility of reaction solvent play key roles during forming of intergradations. To solve this problem CH 3 CHOHCH 3 was employed as reaction solvent instead of CH 3 CN. 
Hydrogen number 
4.52
Groups of C12(-)-C12(-)
Hydrogen number Table 1 . Table 1 shows that the shift and ratio of hydrogen atom in different groups are well corresponding with that in gemini surfactants. Furthermore, the purity of gemini surfactants was also checked by elemental analysis expressed as mass fraction in percent in Table 2 . The ratio of values determined and calculated is in the range of measurement error, indicating high purity of the products. Fig. 1 shows that surface tension of the surfactants in aqueous solutions varies with the concentrations of surfactants at 25
Groups of C12(+)-C12(-) (CH
• C. For all surfactants, above the CMC surface tension of solutions is constant against increasing concentration. Below the CMC surface tension of solutions decreases with increasing concentration until the CMC. Two curves intersect at the concentration corresponding to the micelle formation, which allows identification of the CMC. The data indicating surface activities of samples is listed in Table 3 .
The measured values of CMC and γ CMC of DTAB and 12-2-12 are consistent with those reported previously in Ref [14] . The measured value of CMC of C12(+)-C12(-) is similar to that reported [29] . Fig. 1 and Table 3 show that the CMC values of gemini surfactants, 12-2-12 and C12(-)-C12(-), are much lower than that of corresponding conventional surfactants, DTAB and C12(-). For example, the CMC of DTAB is 10 times higher that of 12-2-12 and 200 times that of C12(+)-C12(-). The CMC of C12(-) is 30 times higher than that of C12(-)-C12(-) and 200 times that of C12(+)-C12(-). It indicates that gemini surfactants have better surface activities than the corresponding conventional surfactant. In comparison with corresponding conventional surfactants, DTAB and C12(-), respectively, the sole molecule of 12-2-12 or C12(-)-C12(-) is equal to two monomeric surfactants linked by one spacer at level of or close to the head groups. This means that 12-2-12 or C12(-)-C12(-) with more hydrophobicity has stronger hydrophobic interaction with water and is easer to form micelle and that the repulsion force of two hydrophobic alkyl chains is weakened by a spacer which makes a positive contribution to the adsorption at the interface. Thus, gemini surfactants, 12-2-12 and C12(-)-C12(-), are more effective in lowering the surface tension than the conventional surfactants. From Fig. 1 and Table 3 Table 3 the C 20 values of two series of surfactants decrease both from DTAB, 12-2-12 to C12(+)-C12(-) and from C12(-), C12(-)-C12(-) to C12(+)-C12(-). So this again shows that the surface activity is in the sequence as following: zwitterionic gemini surfactants > symmetric gemini surfactant > corresponding monomeric surfactants, and C12(+)-C12(-) has the highest activity among all surfactants studied.
The parameter ratio of CMC/C 20 implies that surfactants get adsorbed easier at the interface than form micelles. The CMC/C 20 values of two series of surfactants increase as follows: C12(+)-C12(-) > 12-2-12 > DTAB and C12(+)-C12(-) > C12(-)-C12(-) > C12(-). This arises from molecular structures of surfactants. In comparison with corresponding conventional surfactants, the sole molecule of gemini surfactants is equal to two monomeric surfactants linked by one spacer at level of or close to the head groups. So the repulsion force of two hydrophobic alkyl chains is weakened by a spacer which makes a positive contribution to the adsorption at the interface. In brief, from the point of CMC/C20, it can also conclude that C12(+)-C12(-) posses the highest activity among the five surfactants investigated.
3.3 Electric conductivity a) b) Fig. 2 The conductivity-concentration relationship of surfactants.
In Fig. 2 conductivity (κ) is plotted against the surfactant concentration (C ). For all surfactants at the range of surfactant concentrations studied, κ increases as C increases. For all surfactants except C12(+)-C12(-) each curve of κ vs C furnishes two straight lines, which intersects at the concentration that corresponds to the micelle formation, which allows identification of the CMC. However, the rate of increase of κ, relative to C, is different below and above the CMC. The rate of increase of κ is higher below the CMC than that above the CMC. It is caused by different degree at which surfactant molecules are ionized. Above the CMC, portions of counterions are bound to micelles, which result in a reduction in effective charge of the micelle. Below the CMC, counterions are completely ionized. Thus, the slope of κ vs C above the CMC is smaller than that below the CMC (Fig. 2) . For C12(+)-C12(-) the curve of κ vs C is a straight line, which cannot indicate the CMC value. This arise from the special structures of C12(+)-C12(-) whose zwitterionic nature differs from that of 12-2-12 and C12(+)-C12(-). In Table 4 the CMC κ and the CMC γ represent the CMC values determined from electric conductivity measurements and surface tension measurement, respectively. The results show that there is some difference in the CMC values obtained in these two ways whose accuracies are different.
Behavior at the Air-water Interface
The maximum surface excess, Γ max , at the air-solution interface is calculated by applying the Gibbs adsorption isotherm equation [23] .
where n represents the number of species at the interface which concentration changes with surfactant concentration, R is the gas constant, T is the temperature in Kelvin, and C is the surfactant concentration. In aqueous solution of m-s-m surfactants n should be 3 due to the fact that the solute molecule dissolves into three ions-one divalent and two monovalent [36] . However, small angle neutron scattering studies of the cationic gemini surfactants indicated that the expected Gibbs prefactor 3 was only observed with a xylyl spacer separating two cationic head groups [37] . With aliphatic spacers the value was closer to 2 [38] . Therefore we chose to use n = 2 with the understanding that we are merely comparing the Γ max values with homologous values calculated with the same prefactor. Because of the electroneutrality of the molecule the Gibbs factor, n, for C12(+)-C12(-) should be 1. The minimum area occupied by a surfactant molecule at the air/solution interface, a min , can be estimated from the relation
where N A is the Avogadro's number. When Γ max is in mol/cm 2 , a min is in nm 2 /molecule.
Γ max measures how much the air/solution interface has been changed by surfactant absorption. It depends on the molecular structures of surfactants. Adsorption behavior at the air/solution interface of gemini surfactants affects other characters such as wetting, emulsification, bubbling and so on, which has been determined for gemini surfactants with difference in the two end alkyl groups and spacer length [36, 38] . In this article adsorption behavior at the air/solution interface of surfactants with the same long alkyl chains and different head groups was determined. The data of Γ max and a min of surfactants are summarized in Table 5 . It shows that Γ max decreases from DTAB, C12(+)-C12(-) to 12-2-12 and from C12(-), C12(+)-C12(-) to C12(-)-C12(-), respectively. The a min of C12(+)-C12(-) is smaller than either that of 12-2-12 or that of C12(-)-C12(-), indicating that C12(+)-C12(-) is arranged in at the water-air interface more tightly than that of 12-2-12 and that of C12(-)-C12(-). The reason is that the molecules of C12(+)-C12(-) arranged at the water-air interface are attracted by positive and negative charges. The a min of gemini surfactants, C12(-)-C12(-) and 12-2-12, is respectively smaller than two times of that of corresponding conventional surfactants, C12(-) and DTAB, indicating that because of connection of spacer in gemini molecules gemini surfactants are arranged in at the water-air interface more tightly than that of corresponding single chain surfactant.
Conclusions
Conventional anionic surfactant (C12(-)), cationic, anionic gemini surfactants 12-2-12, C12(-)-C12(-), and zwitterionic geminic surfactant C12(+)-C12(-)) were synthesized in modified methods and their surface activities and adsorption behaviors at the air/water interface were investigated. Special emphasis was made to compare the surface activities and interfacial behaviors between gemini surfactans and corresponding monomeric surfactants, as well as those between zwitterionic gemini surfactant and symmetric gemini surfactants. The results obtained from experiments indicate the properties in aqueous solutions are closely related to the special structures of gemini surfactants. The surface activities of gemini surfactants are superior to those of corresponding conventional surfactants and zwitterionic gemini surfactant possesses excellent surface activity. In other words, when increasing hydrophobic tails from one to two, or replacing two identical ionic head groups with two different ionic hydrophilic groups, i.e., one cationic and one anionic groups, the surface activities have been well improved. Furthermore, molecules of gemini surfactants at the air/water interface are arranged more tightly than those of the corresponding conventional surfactants. The behavior at the air/water interface also indicates that the special structures result in better character of C12(+)-C12(-). The better behavior of C12(+)-C12(-) at the air/water interface means the its possible wide application in the fields such as wetting, washing and emulsifying and so on.
